IN CONTRAST TO MANY PEPTIDE hormones, the majority of insulinlike growth factor (IGF)-I present in body fluids is bound to one of six structurally related high-affinity binding proteins [e.g., insulin growth factor binding proteins (IGFBPs)]. These proteins can modulate bioavailability either positively or negatively and, in some instances, have IGF-independent effects (44) . The synthesis and secretion of individual IGFBPs is exquisitely regulated in a tissue-and hormone-specific manner. As a result of the dramatic and often sustained increase in insulin, corticosteroids, and inflammatory cytokines, catabolic injury leads to marked alterations in the concentration of several IGFBPs in the blood and various tissues (16, 36) . In this regard, the large majority of available data pertains to the marked increase in IGFBP-1 and the frequent decrease in IGFBP-3 that characterizes the catabolic response. In contrast, the stress-induced changes in the other IGFBPs have remained largely uncharacterized.
IGFBP-5 is the most conserved gene of the IGFBP family and is the predominant IGFBP synthesized by differentiated skeletal muscle (23, 29) . Numerous studies implicate changes in IGFBP-5 as a potentially important regulator of proliferation and differentiation in several cell types, including myoblasts (12, 30) , although the stimulatory or inhibitory nature of its actions is, in part, dependent upon the cell type, culture conditions, and/or the end point determined (49) . Importantly, in vivo overexpression of IGFBP-5 in mice leads to a dosedependent decrease in whole body growth and a disproportionate reduction in skeletal muscle mass (46) . Such a response is consistent with the ability of IGFBP-5 to inhibit IGF-I bioactivity (12, 30, 31, 50) . However, the importance of a change in the endogenous IGFBP-5 concentration within the physiological range on muscle mass remains to be assessed. Conditions resulting in muscle atrophy (e.g., unloading or denervation) have been reported to increase IGFBP-5 mRNA (1, 4, 5) , whereas conditions that produce muscle hypertrophy decrease IGFBP-5 mRNA in muscle (1, 2, 25) . In contrast, the inflammatory cytokines IL-1 and IL-6, whose overexpression leads to muscle wasting, increase IGFBP-5 mRNA expression in bone cells (15, 53) . Furthermore, catabolic insults dramatically alter the circulating concentration and/or tissue responsiveness to various hormones, such as IGF-I, glucocorticoids, and growth hormone (GH), that might be expected to regulate IGFBP-5 expression (49) . Therefore, on the basis of the paucity of existing information, our current studies investigated how the actions of these various potential mediators are integrated in vivo to regulate IGFBP-5 mRNA in a physiologically important tissue-skeletal muscle-under basal conditions and in response to catabolic stress. Moreover, because IGFBP-5 and IGFBP-4 have contrasting effects under some experimental conditions (1, 5, 59) , we also determined whether the IGFBP-4 mRNA content of skeletal muscle was altered by these same catabolic insults.
MATERIALS AND METHODS
Animal preparation and experimental protocols. Adult specific pathogen-free male Sprague-Dawley rats (325-350 g; Charles River
Breeding Laboratories, Cambridge, MA) were housed at a constant temperature, exposed to a 12:12-h light-dark cycle, and maintained on standard rodent chow and water ad libitum for at least 1 wk before experiments were performed. All experiments were reviewed and approved by the Animal Care and Use Committee at the Pennsylvania State University College of Medicine and adhered to the National Institutes of Health guidelines for the care and use of experimental animals.
The following animal protocols were used: For protocol 1, Escherichia coli LPS (026:B6, Sigma Aldrich, St. Louis, MO) or an equal volume of saline [0.5 ml/100 g body wt (BW)] was injected intraperitoneally at doses ranging between 10 and 1,000 g/kg BW), and the gastrocnemius muscle was sampled at various times thereafter (34) . For protocol 2, rats were anesthetized with an intramuscular injection of ketamine and xylazine (90 and 9 mg/kg, respectively) for the in vivo infusion of TNF-␣, and sterile surgery was performed to implant a catheter in the jugular vein. This catheter was passed through a tightly coiled stainless steel spring and fixed to a freely rotating swivel (Instech, Plymouth, PA). Recombinant human TNF-␣ (Amgen, Thousand Oaks, CA) was diluted in 0.1% human serum albumin and infused intravenously for the next 24 h at a rate of 5 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 (0.35 ml/h) (13, 37) . Time-matched control animals were infused with an equal volume of vehicle. For protocol 3, we investigated disuse muscle atrophy in rats that were anesthetized with pentobarbital sodium and one hindlimb immobilized in a fiberglass cast (33) . Briefly, the left hindlimb was shaved and wrapped in a protective layer of cast padding (Specialist brand; Johnson and Johnson, Raynham, MA). Multiple layers of fiberglass casting tape (3 M VetCast Plus veterinary casting tape; 3M, St. Paul, MN) were then applied and allowed to harden. The foot was positioned in plantarflexion to induce maximal atrophy of the gastrocnemius. After casting, rats were resuscitated with 10 ml of 0.9% sterile saline administered subcutaneously. Previous studies indicate that the muscle from the contralateral noncasted limb is an appropriate control (33) . In protocol 4, for the induction of sepsis, rats were anesthetized with pentobarbital sodium (50 -60 mg/kg), and a midline laparotomy was performed (27, 35) . The cecum was ligated at its base and punctured twice with a 20-gauge needle. The cecum was then returned to the peritoneal cavity and the muscle and skin layers were closed. Rats were resuscitated with 10 ml of 0.9% sterile saline administered subcutaneously. Nonseptic control animals were subjected to a midline laparotomy with intestinal manipulation and then resuscitated with the same volume of saline. In some studies, control and septic rats were treated with either TNF-binding protein (TNFBP), an antagonist of TNF-␣ action (1 mg/kg; Amgen, Boulder, CO), or an equivalent volume (1 ml/rat) of vehicle. The dose and timing of this synthetic TNF antagonist are based on data demonstrating its ability to prevent the sepsis-induced loss of muscle mass and GH resistance (58) . In additional studies, control and septic rats were treated with recombinant human GH (500 g/kg Serostim; Sorono Laboratories, Norwell, MA) or an equal volume (250 l) of vehicle at time 0 and 12 h. This protocol has been demonstrated to increase the plasma IGF-I concentration of control rats 12 h after the final injection (27) . In a separate study, control and septic rats were treated twice daily (0900 and 1800; 5 g/g BW) with recombinant human binary complex (Insmed, San José, CA) injected via a tail vein. The dose and time of the binary complex administration were selected on the basis of previous studies by our laboratory, indicating this agent is capable of preventing decreases in muscle protein synthesis (54) . For protocol 5, to determine whether an elevation in the plasma glucocorticoid concentration could alter muscle IGFBP-5 mRNA in control animals, a separate group of rats was injected subcutaneously with dexamethasone (100 g/100 g BW; Sigma) or with an equal volume (0.5 ml/rat) of vehicle. This dose of dexamethasone decreases muscle protein synthesis and induces muscle wasting (47) . Gastrocnemius was sampled at 4 h and 24 h after injection of dexamethasone. Additionally, to assess the importance of endogenously produced glucocorticoids, control and septic rats were injected subcutaneously with the glucocorticoid receptor antagonist RU486 (Mifepristone; 20 mg/kg BW; Sigma) or an equal volume (0.3 ml) of vehicle 2 h before induction of peritonitis. RU486 is an antiprogestin with antiglucocorticoid properties. RU486 has a high affinity for cytosolic type II glucocorticoid receptors in various target tissues and exhibits little agonist activity (40) . The dose of RU486 used in the present study has been shown to attenuate glucocorticoid-induced increases in catabolism and ameliorate endotoxin-or cytokine-induced changes in the IGF system and muscle protein balance (14, 39, 60) .
Data for each of the catabolic insults was compared with data from appropriate time-matched control animals that were pair-fed to match the food consumption of the catabolic group.
In vitro studies. The C2C12 mouse myoblast cell line used for all studies was purchased from American Type Culture Collection (Manassas, VA). Cells were grown in 100-mm dishes (Becton Dickinson, Franklin Lakes, NJ) and cultured in MEM containing 10% bovine calf serum (BCS), penicillin (100 U/ml), streptomycin (100 g/ml), and amphotericin (25 g/ml; all from Sigma), as previously described (17, 19 -21) . Cells were grown to confluence and treated with either LPS (1 g/ml in BCS), TNF-␣ (40 ng/ml in serum-free MEM) or the synthetic glucocorticoid dexamethasone (10 M in serum-free MEM), and cells were collected at various times thereafter. Most studies used C 2C12 cells at the myoblast stage, but in selected experiments cells were switched to medium containing 2% serum and allowed to differentiate into multinucleated myotubes (21) .
Analytical procedures. Total RNA was isolated from rat tissues and cells using TRI Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. Samples of total RNA (25 g) were run under denaturing conditions in 1.1% agarose/6% formaldehyde gels using 1ϫ HEPES running buffer. Northern blotting occurred via capillary transfer to Nytran SuPerCharge membranes (Schleicher & Schuell, Keene, NH). A rat oligonucleotide for IGFBP-5 (5ЈGCAGCGCTCAGTGTAGACGCCACACGACTGTC-CCTCCGCC 3Ј) was synthesized (IDT, Coralville, IA) and radioactively labeled using TdT (Promega, Madison, WI). For normalization of RNA loading, an 18S oligonucleotide was labeled by the same method. Northern blots were hybridized using ULTRAhyb (Ambion, Austin, TX). All membranes were initially washed twice in 2ϫ SSC/0.1% SDS for 5 min at 42°C and once in 0.2ϫ SSC/0.1% SDS for 15 min at 42°C. All probes, except 18S, were additionally washed with 0.2ϫ SSC/0.1% SDS for 10 min at 48°C. Finally, membranes were exposed to a PhosphorImager screen (Molecular Dynamics, Sunnyvale, CA), and the resultant data were quantified using Molecular Dynamics's ImageQuant software.
In select studies, the muscle IGF-I and IGFBP-4 mRNA content was also determined by Northern blot analysis. A 800 bp cDNA from rat IGF-I (Peter Rotwein, St. Louis, MO) and a 444 bp cDNA from rat IGFBP-4 (Shunichi Shimasaki, San Diego, CA) were labeled using a Random Primed DNA Labeling Kit (Roche Molecular Biochemicals, Indianapolis, IN), and processed and analyzed as described above for IGFBP-5.
TNF mRNA was determined by RiboQuant Multi-probe RNase Protection Assay (BD PharMingen). Riboprobes were hybridized with 20 g total RNA per the manufacturer's protocol, and protected RNAs were separated by electrophoresis on vertical 5% acrylamide gels. Each gel was dried and exposed to a PhosphorImager screen as outlined above. Data were analyzed using ImageQuant software and normalized to L32 mRNA.
The concentration of total IGF-I in plasma was determined by RIA after samples were extracted using a modified acid-ethanol (0.25 N HCl, 87.5% ethanol) procedure with cryoprecipitation (13, 14, 35, 37) . The plasma concentration of rat TNF-␣ was measured using a solid-phase sandwich enzyme linked-immunosorbent assay (Biosource International, Camarillo, CA).
Statistical analysis. The sample size for each condition is indicated in the figure captions, and experimental data are summarized as means Ϯ SE. In studies with two groups, data were analyzed using a two-tailed pooled Student's t-test. Statistical evaluation of the data from studies with three or more groups was performed using ANOVA followed by Student-Neuman-Keuls test to determine treatment effect (Instat, San Diego, CA). Differences between the groups were considered significant when P Ͻ 0.05.
RESULTS

LPS-and sepsis-induced changes in gastrocnemius IGFBP-5
and IGFBP-4 mRNA. The intraperitoneal injection of LPS (100 g/kg BW) produced a relatively sustained decrease in the IGFBP-5 mRNA content of gastrocnemius muscle (Fig. 1A) . Expression was significantly reduced by 40 -45% between 4 -12 h post-LPS, compared with time-matched control values. When muscle was examined at the 8-h time point, the LPSinduced decrease in IGFBP-5 was shown to be dose-dependent and appeared maximally depressed at 100 g/kg (Fig. 1, B and C). We and others have previously reported that C 2 C 12 myocytes are responsive to LPS and cytokines (6, 19 -21, 52) . Therefore, to determine whether LPS might directly effect muscle IGFBP-5 mRNA abundance, C 2 C 12 myoblasts were incubated for various periods of time with LPS. As illustrated in Fig. 1D , cultured C 2 C 12 myoblasts also responded to LPS with a significant reduction in IGFBP-5 mRNA by 6 h and that the effect is sustained between 24 and 48 h. In vitro addition of LPS also decreased IGFBP-5 mRNA content in C 2 C 12 cells that had been differentiated to a point at which they formed multinucleated myotubes, and this decrease was comparable to that seen in myoblasts (data not shown).
The same muscle samples used to generate the data presented in Fig. 1 were reprobed to assess concomitant changes in IGFBP-4. However, when compared with time-matched control values, no statistically significant change in IGFBP-4 mRNA was detected at any time point examined after injection of LPS (Fig. 1C and data not shown) . Additional analyses of other components of the IGF system (e.g., plasma and tissue content of IGF-I and selected IGFBPs) are not included in the current study but have been previously reported by our laboratory (16) .
It is recognized that LPS may not faithfully reproduce some of the metabolic changes produced by polymicrobial infection (9) . Therefore, we also measured the IGFBP-5 mRNA content in gastrocnemius from rats at various times after induction of peritonitis by cecal ligation and puncture (CLP; Fig. 2 ). Muscle IGFBP-5 was significantly decreased at 8 h (25%) and remained lower than time-matched control values between 12 and 24 h (45-50%). In contrast, Northern blot analysis of muscle IGFBP-4 abundance revealed no significant difference between control and septic rats (data not shown). As a positive control, 24 h after induction of sepsis, IGFBP-4 mRNA content was elevated more than twofold in liver (control ϭ 1.00 Ϯ 0.09 AU/18S vs. septic 2.33 Ϯ 0.31 AU/18S; P Ͻ 0.05).
Regulatory role of TNF-␣ on IGFBP-5 mRNA. The inflammatory cytokine TNF-␣ mediates many of the metabolic and immunological changes produced by LPS and sepsis (26) . The CLP model of sepsis used in the current study increased the plasma TNF-␣ concentration, peaking at 4 h and returning toward basal levels by 24 h (Fig. 3A) . However, even at this latter time point, TNF-␣ concentrations were elevated compared with control values that were consistently below the limit of detection for the assay (Ͻ15 pg/ml). Sepsis also increased the TNF-␣ mRNA content in skeletal muscle Fig. 3B) . Again, the response peaked at the 4 h time point, but the average TNF-␣ mRNA content of muscle sampled at 12-24 h after induction of sepsis was still significantly elevated 3.5-fold, compared with time-matched control samples (Control ϭ 1.00 Ϯ 0.11 AU/L32 vs. Septic ϭ 3.55 Ϯ 0.44 AU/L32). Conversely, the plasma concentration of total IGF-I and muscle IGF-I mRNA content was gradually reduced by sepsis (Fig.  3, C and D, respectively) . At the 24-h time point, the plasma IGF-I concentration was reduced by 36%, and the muscle IGF-I mRNA content decreased 60% (Control ϭ 1.00 Ϯ 0.09 AU/18S vs. Septic ϭ 0.38 Ϯ 0.12 AU/18S).
On the basis of the above-mentioned data, indicating the continued presence of TNF-␣ in the blood and muscle throughout the septic insult, it was hypothesized that overexpression of this inflammatory cytokine mediated the sepsis-induced decrease in muscle IGFBP-5. To assess the ability of TNF-␣ per se to alter muscle IGFBP-5 mRNA, a separate group of rats was continuously infused with TNF-␣. This infusion protocol elevates the circulating TNF-␣ concentration to levels comparable to those detected in septic rats (13) . At the conclusion of the 24-h infusion, IGFBP-5 mRNA was decreased 70% (Fig. 4,  top) . Alterations in other components of the IGF system in response to this same TNF-␣ infusion protocol have been previously reported (13, 37) . In addition, in vitro addition of TNF-␣ to C 2 C 12 myoblasts (Fig. 4, middle) showed a timedependent decrease in IGFBP-5 mRNA between 8 and 24 h, suggesting this cytokine could directly regulate expression of IGFBP-5. TNF-␣ also decreased IGFBP-5 mRNA in differentiated C 2 C 12 myotubes (data not shown). Collectively, these data indicate that TNF-␣ is capable of producing changes in IGFBP-5 that are qualitatively similar to those seen in response to LPS and sepsis. However, they do not indicate that the endogenous overproduction of this cytokine is responsible for the decline observed under a specific inflammatory condition. To address this issue, rats were pretreated with TNF BP , which neutralizes endogenously produced TNF-␣. Twenty-four hours after induction of sepsis, muscle IGFBP-5 mRNA content was reduced 55%, and this change was completely prevented in septic rats administered TNF BP (Fig. 4, bottom) . TNF BP did not influence basal IGFBP-5 expression in muscle from control rats.
Discordant regulation of IGFBP-5 mRNA by disuse atrophy. Sepsis, LPS, and cytokine excess would all be expected to decrease locomotive activity of animals. Hence, some or all of the aforementioned changes in muscle IGFBP-5 may be due to muscle disuse. To examine this possibility, rats had one hind- Fig. 3 . Effect of sepsis on plasma and muscle tumor necrosis factor-␣ (TNF-␣) and insulin-like growth factor-I (IGF-I). Sepsis was induced by CLP, and rats were killed at the indicated time points for collection of blood and gastrocnemius. Both line graphs represent means Ϯ SE, where n ϭ 7 or 8 rats per group. *P Ͻ 0.05 compared with time-matched control values. A: plasma TNF-␣ concentration, as determined by ELISA, in control and septic rats. For control rats, the values were consistently below the limit of assay detection (Ͻ15 pg/ml). B: representative autoradiograph from a nuclease protection assay for TNF-␣ mRNA in gastrocnemius from three rats per time point. Although only three animals per group are shown, muscle from all rats was analyzed and quantified, and mean values are presented in the text. C: plasma total IGF-I concentration, as determined by RIA, for control and septic rats. D: representative Northern blot of muscle IGF-I mRNA from three control animals (24-h time point), as well as three septic rats at 2, 4, 8, 12, and 24 h postinfection. Three major IGF-I transcripts were visualized for both control and septic rats; one band aẗ 7.5 kb, a second band aẗ 1.7 kb, and a third broad band between 0.9 and 1.2 kb. However, because of its abundance, only the 7.5-kb band is shown and quantified. In general, the two smaller IGF-I transcripts responded similarly to the 7.5-kb band (data not shown). Ribosomal 18S RNA indicated that the amount of RNA loaded was similar for each lane. Muscles from all rats were analyzed and quantified, and where appropriate, the mean values are presented in the text.
limb casted so as to induce a disuse atrophy, while the muscle of the contralateral leg acted as an internal control (33) . In marked contrast to our observations in other catabolic states, disuse atrophy increased IGFBP-5 mRNA in gastrocnemius on both day 1 and day 3 of casting ( Fig. 5) . Previous studies have reported a statistically significant reduction in muscle weight of 8% and 19%, respectively, at these two time points, but no change in the muscle mRNA content for either IGF-I or TNF (33) .
Hormonal regulation of muscle IGFBP-5. IGF-I increases IGFBP-5 mRNA under a variety of mostly in vitro experimental conditions (11, 12, 45) , and data presented in Fig. 3 show that the sepsis-induced decrease in IGFBP-5 mRNA is temporally associated with a reduction in both the circulating concentration of IGF-I and tissue IGF-I mRNA content. Therefore, in vivo experimental protocols were used that either increased IGF-I indirectly (e.g., GH administration) or directly (e.g., injection of binary complex). Data presented in Fig. 6A illustrate that IGFBP-5 mRNA in gastrocnemius from control rats was upregulated twofold by GH. No such increase was observed in response to GH in septic rats, and, therefore, the IGFBP-5 mRNA content was not different between vehicleand GH-treated septic rats. We have previously reported that using this experimental paradigm, GH increases the plasma IGF-I concentration in control rats, but not in septic animals (27) . To determine whether muscle of septic rats was responsive to the effects of IGF-I per se, control and septic rats were administered a binary complex containing equimolar amounts of IGFBP-3 and IGF-I to prolong the anabolic effects of IGF-I (54). Under these conditions, IGF-I/IGFBP-3 increased IGFBP-5 mRNA approximately twofold in gastrocnemius from control rats. The incremental response in muscle IGFBP-5 of septic rats was comparable to that seen in control animals (Fig. 6B) .
The catabolic insults of LPS and sepsis produce a rapid and sustained elevation in the circulating concentration of glucocorticoids (13, 39) , and glucocorticoids have been generally reported to reduce IGFBP-5 mRNA under in vitro conditions (8, 49) . To examine the role of glucocorticoids, initial in vitro studies were performed by treating C 2 C 12 myocytes with dexamethasone. As illustrated in Fig. 7A , exposure of cells to this synthetic glucocorticoid for 24 h decreased IGFBP-5 mRNA by 30 -35% in either myoblasts or myotubes. Similarly, when administered in vivo, dexamethasone also decreased IGFBP-5 in gastrocnemius at the 24-h (but not the 4-h) time point (Fig. 7B) . In corollary studies, we pretreated rats with the glucocorticoid receptor antagonist RU486 to determine whether an elevation in endogenous corticosterone was responsible for the sepsis-induced downregulation of muscle IGFBP-5. Despite the known effectiveness of the dose of RU486 administered (39, 60) , this drug did not alter either constitutive expression of IGFBP-5 in gastrocnemius from control rats or the decreased IGFBP-5 mRNA produced by sepsis (Fig. 7C) .
Sepsis-induced changes in IGF-I mRNA. The IGF-I mRNA content of gastrocnemius muscle was also determined in tissues removed from animals after induction of sepsis or administration of LPS or TNF-␣, as well as their time-matched controls. In general, the changes in muscle IGF-I mRNA paralleled the changes in IGFBP-5 mRNA described above (data not shown). As illustrated in Fig. 8A , there was a strong positive linear correlation between IGFBP-5 and IGF-I mRNA content in muscle in response to the administration of LPS or TNF-␣, and this relationship was also evident in muscle obtained from control and septic rats under basal conditions, as well as in rats treated with TNF BP or GH (Fig. 8B) .
Effect of sepsis on IGFBP-5 mRNA in soleus and cardiac muscle. The erosion of lean body mass produced by the catabolic insults of LPS and sepsis is primarily restricted to muscles with a predominance of fast-twitch fibers (e.g., gastrocnemius) while slow-twitch muscles (e.g., soleus) are relatively spared (55) . In contrast to the sepsis-induced decrease in IGFBP-5 and IGF-I mRNA seen in gastrocnemius, sepsis did not significantly alter either IGFBP-5 or IGF-I mRNA expression in soleus muscle, compared with control values (data not shown). Similarly, sepsis also did not alter IGFBP-5 or IGF-I mRNA content in cardiac muscle (data not shown).
DISCUSSION
Inflammation and catabolic injury markedly alter various components of the IGF system (16, 36) . In general, a marked reduction in the circulating and tissue concentration of IGF-I and a sustained elevation in IGFBP-1 are the most notable and consistent changes observed. In contrast, there is a paucity of information pertaining to stress-induced changes in IGFBP-4 and IGFBP-5. Alterations in these two particular IGFBPs, which are endogenously produced by fully differentiated skeletal muscle, have been postulated to modulate numerous aspects of metabolism because of their ability to modulate IGF-I availability and bioactivity. In addition, IGFBP-5 appears to influence cell function, in part, via IGF-independent mechanisms (49, 59) . As a consequence, inflammation-induced changes in IGFBP-4 and IGFBP-5 within muscle might be expected to impact protein balance in this tissue via an autocrine/paracrine manner, thereby, contributing to the wasting syndrome that typically accompanies these insults.
Our results demonstrate that E. coli LPS produces a timeand dose-dependent decrease in muscle IGFBP-5. This decline was clearly evident at 4 h and sustained for at least the next 8 h in response to a single bolus injection of LPS. It is recognized that LPS may not adequately reproduce all of the sequella of the septic syndrome because of its rapid clearance from the circulation and the massive overproduction of inflammatory cytokines (9) . Therefore, other more chronic models of inflammation were also investigated. In this regard, the temporal progression of the decrease in IGFBP-5 was delayed in response to sepsis but was qualitatively comparable to that seen after LPS. However, the sepsis-induced reduction in muscle IGFBP-5 was sustained for at least 24 h (the last time point assessed in this model). Furthermore, we have detected a persistent reduction in muscle IGFBP-5 for at least 3 day after a nonlethal thermal injury (unpublished observation). In these different models, we can exclude nutritional differences as a mechanism for the drop in muscle IGFBP-5 mRNA because all control rats were pair-fed to match the food consumption of animals in the various catabolic groups. Such a conclusion is consistent with data showing that IGFPB-5 is not regulated acutely (at 10 h) by nutrition in human muscle (48) .
The LPS-and sepsis-induced decrease in muscle IGFBP-5 is in marked contrast to the increased IGFBP-5 produced by other conditions, such as hindlimb suspension, denervation, or aging-induced sarcopenia (1, 4, 5, 51) , that exhibit muscle atrophy. In the current study, we confirmed that muscle unloading, produced by unilateral hindlimb casting, increases IGFBP-5 mRNA abundance in the gastrocnemius. Collectively, these data indicate that 1) neither a decrease nor an increase in IGFBP-5 is a sine quinone for muscle wasting; and 2) the inflammation-induced changes in IGFBP-5 reported herein do not result from generalized muscle disuse.
Our subsequent studies aimed to better define the physiological mechanism by which inflammatory insults decrease muscle IGFBP-5 mRNA. Endotoxin and sepsis elevate blood and tissue inflammatory cytokines-such as IL-1, IL-6, and TNF-␣ (10)-that regulate various aspects of muscle metabolism (3, 22, 36, 37) . However, whereas TNF-␣ has been shown to decrease IGFBP-5 secretion from C 2 myocytes (41), IL-1 and IL-6 have been reported to increase IGFBP-5 in cultured chondrocytes and osteoblasts (15, 53) . There are no published data pertaining to the effect of these cytokines on muscle IGFBP-5 under in vivo conditions; therefore, we initially infused naïve rats with a nonlethal dose of TNF-␣ known to impair protein synthesis (37) . Our data demonstrate that TNF-␣ dramatically decreases muscle IGFBP-5 mRNA bÿ 70%, suggesting an important regulatory role for this cytokine on the transcript abundance of IGFBP-5. Moreover, sepsis induced by CLP produced relatively sustained increases in TNF-␣ in blood and muscle per se. Although these data implicate TNF-␣ as a putative mediator for the decreased IGFBP-5, they do not indicate whether this factor actually regulates IGFBP-5 gene expression in response to inflammation. To address this caveat, septic rats were treated with TNF BP , which neutralizes endogenously produced TNF-␣. Treatment with TNF BP prevented the sepsis-induced decline in muscle IGFBP-5 but did not influence the basal content in control rats. These results suggest that whereas constitutive production of TNF-␣ by muscle does not regulate basal IGFBP-5 mRNA expression, the overproduction of TNF-␣ (either systemically or locally) is largely responsible for the sepsis-induced decrease in this IGFBP.
TNF secretion in response to sepsis and LPS is generally considered an early index of the inflammatory condition that results in the release of other cytokines (e.g., IL-6), as well as counterregulatory hormones, such as catecholamines and glucocorticoids. Hence, the current studies using TNF BP do not address whether TNF-␣ is the primary or secondary stimulus for the reduction in muscle IGFBP-5. However, results from our in vitro studies demonstrate that TNF-␣ (as well as LPS) inhibits IGFBP-5 mRNA in cultured C 2 C 12 myocytes in a dose-and time-dependent manner. Treatment of C 2 C 12 cells with comparable doses of TNF-␣ impairs both basal and IGF-I-stimulated protein synthesis (6) , and this biological response appears dependent on increased intracellular ceramide (52) . Whether such a mechanism is operational in the regulation of IGFBP-5 synthesis was not investigated but is anticipated.
The synthetic glucocorticoid dexamethasone has been generally reported to decrease IGFBP-5 synthesis and secretion by several cell types under in vitro conditions (47) . However, we are not aware of a previous report in which dexamethasone has been shown to alter the in vivo tissue expression of this binding protein. Our results indicate that exogenous administration of dexamethasone under either in vivo or in vitro conditions was capable of decreasing muscle IGFBP-5 mRNA, albeit this reduction appeared quantitatively smaller than that produced by other catabolic stimuli. In contrast, pretreatment with RU486 was unable to prevent the sepsis-induced decrease in muscle IGFBP-5. Finally, we have reported previously that TNF BP does not ameliorate the sepsis-induced increase in corticosterone (39) . Hence, these data indicate that although exogenous glucocorticoids have the potential to decrease IGFBP-5 mRNA, the contribution of an endogenous elevation in this hormonal regulator to the sepsis-induced changes in muscle IGFBP-5 mRNA appears nominal.
Increasing the concentration of IGF-I leads to proportional changes in IGFBP-5 mRNA in cultured myocytes (45) . The ability of IGF-I to stimulate IGFBP-5 gene expression is regulated by signaling through the IGF-1 receptor and subsequent phosphorylation of downstream signal transduction pathways (49) . However, the specific importance of the phosphatidylinositol-3 kinase and the p42/44 MAPK canonical pathways in mediating IGF-I induced increases in IGFBP-5 is variable and may reflect species or cell-type differences (11, 12, 32, 45, 49, 56) . Therefore, it is possible that the inflammation-induced decrease in IGFBP-5 results from a reduction in IGF-I within the muscle or circulation. All of these inflammatory conditions have been reported to be associated with reduced IGF-I (16, 18, 36) . Two lines of evidence from the current investigation support such a relationship. First, there is a significant positive linear correlation between the IGFBP-5 mRNA and IGF-I mRNA content in the same muscle obtained from LPS-and TNF-␣-treated, as well as septic, rats. Moreover, whereas the exogenous administration of GH increased the mRNA content of both IGFBP-5 and IGF-I in muscle from control rats, septic animals exhibited a GH resistance that was manifested by the lack of an increase in both IGFBP-5 and IGF-I. We have previously reported that GH administration to septic rats does not increase the plasma IGF-I concentration (27) . Secondly, exogenous administration of IGF-I as part of a IGF-I/IGFBP-3 binary complex produced a comparable increment in IGFBP-5 mRNA in muscle from both control and septic rats. The ability of IGF-I to effectively increase IGFBP-5 is consistent with our previous results indicating that sepsis and LPS do not impair IGF-I signaling via the PI3K/Akt/mTOR pathway in skeletal muscle and that IGF-I is capable of stimulating muscle protein synthesis in these animals (35, 54) . These conclusions are in agreement with the results of previous studies in which IGF-I infused locally to muscle increased IGFBP-5 and induced hypertrophy (24) or in which anabolic agents were administered, resulting in concomitant increases in muscle IGF-I, IGFBP-5, and mass (2) .
The physiological ramifications of the inflammation-induced fall in muscle IGFBP-5 were not the focus of the present study and remain to be determined. The literature contains conflicting data related to the effect of IGFBP-5 on cell function. These differential effects appear related to cell type, culture, and experimental conditions, whether the binding protein is exogenously added or endogenously produced, and/or the end point assessed (28, 32, 49, 57) . In addition, IGFBP-5 also has IGF-independent actions in cultured myocytes (7) . Therefore, it is not possible at this time to generalize whether the observed sepsis-induced alterations in this binding protein might be expected to impair or enhance the protein metabolic response in skeletal muscle.
In summary, our results demonstrate that inflammatory insults, exemplified by LPS, sepsis, and exogenous administration of TNF-␣, lead to an apparently selective reduction in IGFBP-5 mRNA in predominantly fast-twitch skeletal muscle and that this change was not anticipated based on results from other animal models of muscle atrophy. For sepsis, the decreased IGFBP-5 appears dependent upon the overexpression of TNF-␣ and independent of the elevation in glucocorticoids. Finally, IGF-I appears to be a dominant positive regulator of IGFBP-5 gene expression in muscle because even in the presence of elevated TNF-␣, it is capable of increasing the IGFBP-5 mRNA content.
